Background: Chemoresistance is a major obstacle to improving the survival rate of colorectal cancer (CRC) patients. Forkhead box protein C2 (FOXC2), a member of the forkhead box (Fox) transcription factor family, is reported to be an important regulator of epithelial-tomesenchymal transition (EMT) and plays a key role in tumor progression. However, little is known about the effects of FOXC2 on oxaliplatin (OXA) resistance in CRC. Methods: OXA-resistant cells were generated from HCT116 cells. CCK-8, colony formation, flow cytometry and Transwell assays were used to compare the characteristics of OXAresistant HCT116/OXA cells and the corresponding parental HCT116 cells. The expression of FOXC2 was confirmed by qRT-PCR and Western blotting in HCT116/OXA and HCT116 cells. Gain-and loss-of-function assays were performed to evaluate the effects of FOXC2 on OXA sensitivity and EMT in HCT116/OXA and HCT116 cells both in vitro and in vivo, and the possible molecular mechanisms were investigated. Results: The relative expression of FOXC2 was significantly increased in HCT116/OXA cells compared with the parental HCT116 cells. Upregulation of FOXC2 in HCT116 cells reduced OXA sensitivity and promoted EMT. However, knockdown of FOXC2 in HCT116/OXA cells markedly increased the in vitro and in vivo sensitivity of HCT116/OXA cells to OXA by regulating EMT progression. Furthermore, FOXC2 activated MAPK/ERK signaling, and blockade of ERK attenuated FOXC2-induced EMT and FOXC2-enhanced OXA resistance. Conclusion: FOXC2 induced EMT to promote oxaliplatin resistance by activating the MAPK/ERK signaling pathway. FOXC2 may be a potential therapeutic target for overcoming OXA resistance in human CRC.
Introduction
Colorectal cancer (CRC) is a leading cause of cancer-related death worldwide, and its incidence is increasing. 1, 2 Therapeutic strategies for CRC, including surgical resection, radiotherapy and systemic chemotherapy, have been used to improve the survival of CRC patients in past decades. However, the five-year survival rate of CRC patients still dismal. 3 Drug resistance is a major obstacle to effective treatment and results in poor prognosis in CRC patients. 4, 5 Oxaliplatin (OXA), a third-generation platinum drug, has been used as a first-line chemotherapeutic drug for systemic treatment of advanced CRC patients. 6 Therefore, clarifying the underlying mechanism of OXA resistance is imperative for the success of CRC therapy.
Epithelial-mesenchymal transition (EMT) is a cellular process in which epithelial cells lose their typical characteristics and acquire mesenchymal traits. Previous studies have indicated that EMT plays a crucial role in the invasion and metastasis of cancer. 7, 8 Cells undergoing EMT develop downregulation of epithelial markers (such as E-cadherin) and upregulation of mesenchymal markers (for example, Vimentin) and EMT-associated transcription factors (Snail, Twist, et al), subsequently acquiring the capacity for motility and invasion. 9 In recent years, EMT has been implicated as an indispensable mediator of drug resistance. [10] [11] [12] Exploring the relationship between EMT and OXA resistance can be a promising approach for the development of therapeutic regimens to treat OXA-resistant patients. Forkhead box protein C2 (FOXC2) is a member of the Fox transcription factor family that was originally identified in the process of embryogenesis. Ectopic expression of FOXC2 has been found to participate in tumorigenesis and the development of human malignances. 13 A high expression level of FOXC2 has been found to be a prognostic factor in gliomas, 14 nasopharyngeal cancer, 15 and gastric cancer. 16 In addition, FOXC2 has been reported to regulate chemosensitivity in some human cancers. [17] [18] [19] [20] In colorectal cancer, FOXC2 has been shown to promote proliferation and metastasis. 21 However, whether FOXC2 plays a role in OXA resistance in CRC is unknown. In the present study, we investigated the role of FOXC2 in mediating OXA resistance in colorectal cancer cell lines and explored the underlying mechanism involved in FOXC2-regulated OXA resistance both in vitro and in vivo.
Materials and Methods Chemicals
Oxaliplatin and the MAPK/ERK inhibitor SCH772984 were purchased from Selleck Chemicals (Houston, TX) and diluted according to the manufacturer's protocol. Primary antibodies against FOXC2, Ki67, E-cadherin, Vimentin and Snail were purchased from Abcam (Cambridge, MA, USA), and those against ERK1/2, phospho-ERK1/2 and GAPDH were purchased from Cell Signaling Technology (Cambridge, MA, USA).
Cell Lines and Culture Conditions
The human colorectal cancer (CRC) cell line HCT116 was obtained from the Institutes of Biomedical Sciences (IBS, Shanghai, China) and cultured in RPMI 1640 medium (Gibco, USA) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, USA) at 37°C in 5% CO 2 . The oxaliplatin-resistant cell line HCT116/ OXA was established by exposing parental HCT116 cells to gradually increasing concentrations of oxaliplatin and was maintained in RPMI 1640 medium supplemented with 7.5μM oxaliplatin (Selleck Chemicals, Houston, TX).
Chemosensitivity Assays
Cells were seeded in a 96-well plate at a density of 3.0×10 3 cells/well overnight and were then exposed to various concentrations of OXA for 48 hr. Cell viability was assessed with a Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Tokyo, Japan). Briefly, 10μL of CCK-8 solution was added to each well and incubated for 1 hr at 37°C. Then, the absorbance was measured at a wavelength of 450 nm. The 50% inhibitory concentration (IC 50 ) was calculated from the survival curves. Each assay was performed in triplicate.
Transwell Invasion and Migration Assays
The invasion and migration abilities of HCT116 and HCT116/OXA cells were assessed by using 
Plasmid Construction and Cell Transfection
The human FOXC2 construct was generated by cloning PCR-amplified full-length FOXC2 cDNA into pBabe (Addgene, Inc., Cambridge, MA, USA). To knock down FOXC2, an shRNA sequence specifically targeting FOXC2 (5′-CCACACGTTTGCAACCCAA-3′) was cloned into pSuper-retro.neo (Oligo-Engine, Seattle, WA, USA) to generate the FOXC2-shRNA construct. Transfection was performed using LipofectamineTM 2000 (Invitrogen, USA) according to the protocol supplied by the manufacturer.
Xenograft Model
To investigate the effects of FOXC2 on OXA sensitivity in vivo, a xenograft animal model was established in male BALB/c mice (4 weeks old). Briefly, 5×10 6 sh-control or sh-FOXC2 HCT116/OXA cells were suspended in 200 μL of serum-free DMEM and injected subcutaneously into the left flank regions. Ten days after implantation, mice received an intraperitoneal injection of OXA (0.8 mg/kg/w) for 20 days. After one month, the mice were sacrificed, and the xenograft tumors were harvested. The tumor weights and tumor volumes were measured. The tumor volumes were calculated using the following formula: volume (cm 
Immunohistochemistry (IHC)
CRC tissues from xenograft tumors were fixed with 10% formalin, dehydrated, and embedded in paraffin. Fourmicron-thick sections were stained with antibodies against FOXC2 ( 
Statistical Analysis
Statistical analysis was performed using SPSS software (Version 19.0, SPSS Inc., Chicago, IL). All data were presented as the means ± SDs and were analyzed by Student's t-test or one-way ANOVA. p < 0.05 was considered statistically significant.
Results

Characterization of Oxaliplatin-Resistant Cells
To investigate the mechanism underlying the resistance of CRC to oxaliplatin (OXA) treatment, we established an OXA-resistant CRC cell line, HCT116/OXA, by continuously exposing HCT116 cells to OXA, and we compared the characteristics of parental HCT116 and OXA-resistant HCT116/OXA cells. As shown in Figure 1A , the resistant HCT116/OXA cells exhibited higher resistance to various concentrations of OXA than the parental HCT116 cells, as determined by CCK-8 assays ( Figure 1A ). According to the CCK-8 assay results, the IC 50 value in HCT116/OXA cells was significantly higher than that in HCT116 cells, confirming the acquisition of OXA resistance by HCT116/OXA cells ( Figure 1B , p < 0.001). The IC 50 values in HCT116 cells and HCT116/OXA cells were 7.53 ± 0.63 μM and 145.5 ± 3.52 μM, respectively. We further compared the difference in the proliferation ability between the two cell lines and found that HCT116/OXA cells had a higher proliferation capacity than HCT116 cells ( Figure 1C , p < 0.05). Flow cytometric analyses showed that HCT116/OXA cells exhibited a significantly lower apoptosis rate than HCT116 cells when treated with 7.5 μM OXA ( Figure 1D that HCT116/OXA cells demonstrated greater migration and invasion capacities than HCT116 cells ( Figure 1F and G, p < 0.01).
The Expression of FOXC2 Was Significantly Upregulated in OXA-Resistant CRC Cells
We first examined the expression of FOXC2 in the HCT116 and HCT116/OXA cell lines by qRT-PCR and Western blotting. Compared to parental HCT116 cells, HCT116/OXA cells exhibited significant upregulation of FOXC2 at both the mRNA (p < 0.001) and protein levels (p < 0.05, Figure 2A ). To determine whether knockdown of FOXC2 promotes tumor sensitivity to OXA in vivo, we then established a CRC xenograft mouse model using HCT116/OXA cells (shcontrol) and FOXC2 knockdown HCT116/OXA cells (sh-FOXC2) for further experiments. HCT116/OXA shcontrol cells or sh-FOXC2 cells were subcutaneously implanted into the left flank regions of nude mice (n = 5 in each group). Four weeks after HCT116/OXA cell implantation, mice receiving OXA treatment in the sh-control group exhibited a larger average tumor size than mice in the sh-FOXC2 group ( Figure 2F ). Compared to sh-control treatment, FOXC2 knockdown resulted in a significant decrease in tumor weight and a marked decrease in tumor volume (p < 0.001, respectively; Figure 2G and H). As shown in Figure 2I , HE staining confirmed the successful establishment of the xenograft tumor model. Immunohistochemical assays on the subcutaneous tumors confirmed the knockdown efficiency of FOXC2 in vivo ( Figure 2I ). FOXC2 knockdown in HCT116/OXA cells led to downregulated expression of the proliferation index Ki-67. Taken together, these results identified FOXC2 as an important factor mediating the OXA sensitivity of CRC cells.
Overexpression of FOXC2 Reduced the
Sensitivity of HCT116 Cells to OXA To assess whether FOXC2 plays a role in drug resistance in CRC, we first established a stable cell line overexpressing FOXC2 in chemosensitive HCT116
OXA-Resistant Cells Acquired an EMT Phenotype
We observed an obvious difference between the parental cells and OXA-resistant cells. As shown in Figure 3A , OXA-resistant HCT116/OXA cells displayed a dispersed, elongated spindle-like mesenchymal morphology, while HCT116 cells presented an epithelial cobblestone morphology ( Figure 3A ). This morphological change implied that CRC cells with OXA resistance might have undergone an EMT process. Previous studies have demonstrated that OXA-resistant CRC cells acquire an EMT phenotype.
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EMT Played an Important Role in FOXC2-Regulated CRC Drug Resistance
We then assessed whether FOXC2 plays a role in the acquisition of the EMT phenotype by OXA-resistant cells. The qRT-PCR results showed that compared with control vector treatment, FOXC2 overexpression suppressed the mRNA expression of E-cadherin, accompanied by elevated mRNA expression levels of Vimentin and Snail ( Figure 3B ). Western blotting confirmed the results of qRT-PCR at the protein level ( Figure 3C ). Furthermore, knockdown of FOXC2 in OXA-resistant HCT116/OXA cells by shRNA resulted in downregulation of the mesenchymal markers Vimentin and Snail but upregulation of E-cadherin both at the mRNA and protein levels ( Figure 3D and E). Immunohistochemical staining for tumors derived from sh-FOXC2 cells exhibited downregulation of Vimentin but upregulation of E-cadherin compared with the corresponding levels in sh-control cells in vivo ( Figure 3F ). These data indicated that FOXC2 affects EMT progression in CRC drug resistance both in vitro and in vivo. Mitogen-activated protein kinase (MAPK)/ERK signaling has been implicated in drug resistance. We further investigated whether the MAPK/ERK pathway is involved in FOXC2-regulated OXA resistance. As shown in Figure 4A , we found that knockdown of FOXC2 significantly decreased the level of phospho-ERK1/2 in OXA-resistant HCT116/ OXA cells, while the level of total ERK1/2 showed no obvious difference. The overexpression of FOXC2 increased the phosphorylation of ERK1/2 in HCT116 cells ( Figure 4B ). To further confirm the role of the MAPK/ERK signaling pathway in FOXC2-regulated OXA sensitivity, we utilized the MAPK/ERK kinase inhibitor SCH772984 in HCT116/ FOXC2 cells. Treatment with SCH772984 reversed the changes in the E-cadherin, Vimentin and phospho-ERK1/2 proteins in HCT116/FOXC2 cells ( Figure 4B) . Importantly, the results of CCK-8 assays revealed that the MAPK/ERK kinase inhibitor could sensitize HCT116/FOXC2 cells to OXA treatment by decreasing the IC 50 of OXA in HCT116/FOXC2 cells ( Figure 4C ). These data suggested that FOXC2 induces EMT and thus contributes to OXA resistance in colorectal cancer cells via the activation of the MAPK/ERK signaling pathway.
Discussion
In recent decades, researchers have made a great effort to advance the treatment of CRC, including the development of radio-and chemotherapy combination treatments. However, patient prognosis is still poor due to the lack of therapeutic success. Chemotherapeutic resistance is a crucial cause of recurrence and leads to treatment cessation. New therapeutic strategies that overcome chemoresistance safely provide a promising approach for effective CRC treatment. In the present study, we first investigated the mRNA and protein expression of FOXC2 and found that FOXC2 was significantly upregulated in OXAresistant colorectal cancer cells. In the parental HCT116 CRC cells, overexpression of FOXC2 decreased OXA sensitivity, while knockdown of FOXC2 sensitized HCT116/OXA cells to OXA treatment both in vitro and in vivo. OXA-resistant HCT116/OXA cells acquired a mesenchymal phenotype, but manipulating the expression of FOXC2 impaired EMT progression. Moreover, the signaling pathway that participated in FOXC2-regulated OXA resistance was the MAPK/ERK pathway, and an inhibitor of MAPK/ERK reversed FOXC2-induced OXA resistance and EMT in HCT116/OXA cells. These data indicate that specific inhibition of FOXC2 could be a novel strategy for the treatment of CRC patients.
A variety of mechanisms, such as ER stress, DNA damage, autophagy and EMT, have been reported to contribute to drug resistance in CRC. [23] [24] [25] [26] In general, EMT is traditionally thought to contribute to tumor invasion and metastasis. In recent years, accumulated evidence has indicated that EMT plays an essential role in the regulation of drug sensitivity in some human malignant cancers. [27] [28] [29] Tumor cells that undergo EMT are resistant to chemotherapy. In addition, EMT progression can interact with other mechanisms to induce chemoresistance. For example, autophagy stimulation downregulates Snail and Slug, thus reversing EMT progression in glioblastoma. 30 Alizadeh et al found that TGF-β1 can induce both autophagy and EMT in non-small cell lung cancer cells and that autophagy inhibition suppresses EMT progression. 31 In addition, EMT is correlated with stem cell-like characteristics of cancer cells, an important contributor to chemoresistance progression. 32 EMT can induce the stem cell-like phenotype, and Snail can modulate cancer stem cell properties to promote tumor progression. 33, 34 In our study, we found that OXA-resistant cells exhibit an EMT phenotype and are regulated by FOXC2, indicating that FOXC2-induced OXA resistance is modulated via EMT. The MAPK/ERK signaling pathway is acknowledged to play a critical role in multiple cellular processes, including proliferation, differentiation and migration. 35 A previous study reported that FOXC2 promotes colorectal cancer growth through the activation of the MAPK and AKT signaling pathways. 21 Downregulation of FOXC2 has been shown to promote apoptosis induced by 5-fluorouracil through the activation of the MAPK and AKT pathways in colorectal cancer. 36 Similarly, Li et al found that FOXC2
can promote EMT in CDDP-resistant ovarian cancer cells via the activation of the ERK or AKT/GSK-3β signaling pathways. 37 Moreover, many studies have reported that the activation of AKT or ERK signaling can upregulate the nuclear expression and transcriptional activity of Snail, thus triggering the EMT process. Therefore, we hypothesize that FOXC2 regulates EMT to promote OXA resistance through the MAPK/ERK pathway in CRC. 
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